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The periodontium is the supporting tissues for the tooth organ and is vulnerable to
destruction, arising from overpopulating pathogenic bacteria and spirochaetes. The
presence of microbes together with host responses can destroy large parts of the
periodontium sometimes leading tooth loss. Permanent tissue replacements are made
possible with tissue engineering techniques. However, existing periodontal biomaterials
cannot promote proper tissue architectures, necessary tissue volumes within the
periodontal pocket and a “water-tight” barrier, to become clinically acceptable. New
kinds of small-scale engineered biomaterials, with increasing biological complexity are
needed to guide proper biomimetic regeneration of periodontal tissues. So the ability
to make compound structures with small modules, filled with tissue components, is a
promising design strategy for simulating the anatomical complexity of the periodotium
attachment complexes along the tooth root and the abutment with the tooth collar.
Anatomical structures such as, intima, adventitia, and special compartments such as the
epithelial cell rests of Malassez or a stellate reticulum niche need to be engineered from
the start of regeneration to produce proper periodontium replacement. It is our contention
that the positioning of tissue components at the origin is also necessary to promote
self-organizing cell–cell connections, cell–matrix connections. This leads to accelerated,
synchronized and well-formed tissue architectures and anatomies. This strategy is a
highly effective preparation for tackling periodontitis, periodontium tissue resorption, and
to ultimately prevent tooth loss. Furthermore, such biomimetic tissue replacements will
tackle problems associated with dental implant support and perimimplantitis.
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INTRODUCTION
The periodontium tissue complex is adapted to fixing and supporting the tooth into themandibular
and maxillary bone sockets and preserving its structure under extreme masticatory forces.
Unfortunately, there are currently no permanent cures for chronic and advanced periodontal
tissue degeneration. This situation has spurred efforts to grow new replacement patient-matched
periodontal tissue for transplantation into the periodontal pocket. Arguably, this represents the
only clear permanent solution for periodontal tissue degeneration.
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To gain acceptance and to be relevant in the clinic, prospective
engineered tissue replacements must display higher levels
of tissue biomimicry, to promote coherent host integration.
Biomimetic tissue systems can be engineered to program tissue
morphogenesis and produce good clinical outcomes. How should
tissue engineers design and produce structures that enable
embedded tissue components to self-organize and spontaneously
grow into proper tissues? Modular design of biomaterials may be
a good starting point.
Modular biomaterials are a useful way of building tissue
complexity in the laboratory. They are composites of limitless
structural units. These units can have any type of size,
composition, morphology, and topology. They can be fused
together in any sort of position to make intricate patterns. When
built-up in scale they can form hierarchies. The combination
of structure and composition enables them to perform the
numerous roles and behaviors of native tissue development and
regeneration. This level of organization is not possible with
conventional cell sheet engineering. Infact, tissue biology is
highly modular itself. There are many delineations, partitionings,
dissociations, associations, and complex organizations made
between tissue components (cells, proteins, and matrices). By
engineering in a modular fashion with assorted functional
tissue units is to emulate native tissue organization. Assembling
tissues in this manner will accelerate correct mimetic tissue
morphogenesis and near normal tissue functioning. Once
structure and function are synergized then tissues can remain
permanent.
ENGINEERING CRITERIA FOR
PERIODONTAL REGENERATION
Conventional periodontal clinical therapy focuses on bacteria
removal (plaque control), pocket depth reduction by surgical
reattachment, reattachment to the root surfaces, forming
a hermetic epithelial barrier, and tackling inflammation
(Figures 1A,B). However, the grand prize for periodontal
therapy is the total replacement of missing and degenerate tissue
with healthy functional tissue originating from patient cells. This
is only achieved by creating proper conditions for de novo tissue
formation engineered in the laboratory or inside the periodontal
pocket (Figure 1C). There are two dimensions to periodontium
tissue regeneration. There is the attachment complex along the
root of the tooth and the attachment complex that forms the
epithelial seal against the neck of the tooth masticatory surface
(Figure 1A; left side of tooth diagram). These union structures
are partitioned into numerous anatomical compartments,
(some well-delineated and some diffuse) each typified with its
own specialized functional properties, ultrastructure, size and
morphology.
To ensure fast, effective, and accurate biomimetic translation
from concept to clinic, these compartments must be stacked
together as layers (between 5 and 100µm) in a specific functional
sequence and fixed together with interconnecting embedded
union structures made from regionally specialized collagen fibers
(Figure 1B). Another compartment of significance to driving
regeneration of cementum is the epithelial cell rests of Malassez.
Modular design can incorporate this cellular assembly and
other stem cell niche compartments as adjuncts. Ultimately,
this must be a synchronized production from collective cellular
programming and self-organization biological processes. These
are the prime drivers, for producing final functional complexity.
The proper positioning of compartments establishes a set of
functional pre-arrangements of cells and matrix components
that spontaneously and inevitably give rise to correct tissue
ultrastructures, morphologies, and anatomies.
Strategies being developed for periodontal regeneration are
embracing numerous tissue engineering techniques to recreate
a living replacement that can spontaneously graft into the
walls of periodontal pocket and so provide fresh, permanent
replacement to re-support the compromised tooth organ. To
generate high volumes of good quality biomimetic tissue
the physical environment for growth and regeneration needs
to emulate the physical (e.g., mechanical, patterning) and
topological complexity of normal periodontium structures.
Modular biomaterials can be a good beginning for representing
this organizational complexity and an approach for translating
biocomplexity into tissue engineered biosystems. For instance,
modular biomaterials will be capable of mapping networks and
relationships between cells and components that promote self-
regeneration processes. In this short article, we focus exclusively
on modular biomaterials to engineer the periodontium and
speculate on how this can improve tissue engineered outcomes.
FRAMEWORKS TO SUPPORT
PERIODONTAL TISSUE REGENERATION
The engineering of periodontal tissue sets is at a crossroads
of approaches: biomaterial-free tissue morphogenesis, tissue
morphogenesis with biomaterial engagement of endogenous
regeneration, and fully engaged biomaterials seeded with
cells. Biomaterials with regeneration potential have nominally
provided transient stop-gaps and bridges across the periodontal
pocket.
An important contribution to the existing panel of engineered
periodontal replacements has been essentially devoid of
biomaterials involving cells assembled into sheets (Asakawa
et al., 2010). Cell sheet engineering has been widely used to
construct tissues with translation into stratified tissue types
and simple anatomical cellular organizations such as, the skin,
myocardium, corneal, and mucosal epithelium as well as, PDL,
cementum, and the alveolar bone lining (Iwata et al., 2009). It is
a relatively low-tech and effective fabrication method. There is
a capacity with this technique to grow coherent, self-supporting
monolayers of tissue-specific cells and then deploy them as
stratified constructs into small tissue defects. Cell sheets and
multiple sheets have also been used to encase implantable
devices (not exceeding 3–6 layers or 80–100µm). Cell sheets are
reminiscent of the organization of periodontal tissues and have
been used in reconstructions. There is an attempt to replicate
the different layers using more rationally designed material
frameworks to restore different tissue morphologies. In one
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FIGURE 1 | The comparative anatomy and histoarchitecture of healthy and diseased periodontal tissue and a typical biomaterial replacement for lost
union structures. (A) A diagram showing the difference in the tooth supporting structures between normal healthy periodontium and diseased periodontium. In
particular, the “periodontal connective tissue” and bone are destroyed by growth of a dental plaque biofilm that attaches and develops first at the sulcus, progressing
along the tooth root and then creating a deepening pocket (Darveau, 2010; Reproduced with kind permission from Macmillan). (B) The healthy periodontal ligament at
the centre of the periodontium complex shown in polarized light at high magnification. In this view we can see the densified collagen fiber bundles arranged in very
high order corresponding to strong birefringence. Along the tooth root the collagen fiber mass is anchored and suspended between the cementum (C)/dentine and
alveolar bone (AB). This image depicts the histoarchitecture of the periodontium. It shows the complex nature of the tissue architecture. The periodontal “hinge”
ligament tissue is filled with cell assemblies and blood vessels servicing its role in continual cycles of readjustment, repair and regeneration. (Reproduced with kind
permission from John Wiley and Sons A/S; Bosshardt and Sculean, 2009). (C) Close-up histosection of an advanced gingival mucosa lesion at the tooth surface
caused by the infiltration of periodontitis causing bacteria. The periodontal ligament has clearly separated and peeled away from the tooth surface (dentine) on the
right. Cementum is lost and the junctional epithelium disappears from the tooth surface as the gingival pocket opens-up. Tissue engineering approaches involve
infilling the space and regenerating a new periodontium in between pulling a whole new union “cable” structure of collagen fibers (Type I) from a de novo periodontal
ligament into reconstituted de novo alveolar bone and Sharpeys collagen fiber tips from the periodontal ligament embedded into the cementum at the tooth surface
(Type III; Hasegawa et al., 2005; Reproduced with kind permission from Mary Anne Liebert). (D) One conventional biomaterial led strategy is simpy to combine thin
layers of material with tissue-specific architectures that mimic periodontal ligament and the cementum layer. Each structure provides contact guidance for the proper
organization of cementum cells and the alignment of the peridontal ligament fibers. The seeded cells collectively organize themselves into a coherent functional unit.
The SEM image shows an engineered bi-layered polymer structure that provides the appropriate physical framework for the periodontal ligament cells and the
cementum. The PDL housing consists of an electrospun structure with fibrous mesh architecture, to align and guide the extension of PDL fibers. This meshwork was
melted onto the porous solid layer with a technique called fused deposition modeling (FDM; Obregon et al., 2015; Reproduced with kind permission from Elsevier).
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Periodontal related example, electrospinning (to create a fibrous
network) and fused deposition modeling (FDM; to create a small
porous solid membrane) recreated the PDL and mineralized
layer of bone or cementum respectively (Obregon et al., 2015;
Figure 1D).
Modular biomaterials are tissue engineering structures
divided into a network of small segments containing tissue
components tailored toward synergistic and synchronized
function between neighboring segments (Zorlutuna et al., 2013).
The cell-containing building blocks are arranged so as to
mimic the organization of native tissue. Traditional cell-seeded
frameworks are a scramble of tissue components. The modular
approach is a way of ordering tissue components according
to native anatomical organization, which is always diverse and
complex (Figure 2A). These design principles when applied to
the periodontium then translate into semi-permeable layers, with
physical guides to direct the fiber alignments across different
regions, for the PDL and cementum. They translate into spheres
and rods to form a template for epithelialization and barrier
formation and spherical outgrowths representing regional niches
and crypts for epithelial cell rests of Malassez ERM’s and stem
cell phenotypes. Modular design facilitates the accumulation of
cellular assemblies and other stem cell niche compartments.
Ultimately, this must be a synchronized production from
collective cellular programming and self-organization biological
processes. These are the prime drivers, for producing the final
functional complexity. The proper positioning of compartments
establishes a set of functional pre-arrangements of cells and
matrix components that spontaneously and inevitably give rise
to correct tissue ultrastructures, morphologies, and anatomies.
Now there are some notable module structures designed
to house assorted cell populations and phenotypes. There are
various methods to assemble them in rational networks related
to selected tissue architecture (Khademhosseini et al., 2006;
Gauvin and Khademhosseini, 2011; Hansen et al., 2013; Kolesky
et al., 2014). Bioprinting in three-dimensions (programmable
positioning of building blocks) combined with microfluidic
technology (programmable size and shape generator of droplets
for building blocks) could propel the manufacture of more
highly intricate and complex morphologies and the deep internal
structures and architectures that more accurately replicate the
exact anatomical organization of many complex tissue and
including periodontal tissues with its multi-planar differences
in composition and architecture (Erdman et al., 2014). A
standardized microengineering method of producing regular
modules is with polymer microdroplets. Changes in droplet size
(in nanoliter and microliter volumes) (Gruene et al., 2011),
composition and deposition leads to single modules and module
networks with biologically acceptable complexity (Durmus et al.,
2013). Three-dimensional bioprinting and aqueous droplet
microfluidics and nanofluidics are the highest precision tools
in generating and depositing mixtures of aqueous biomaterials
into precisely defined shapes, structures (including internalized
structures) and assemblies of droplets and beads with well-
delineated architectures at micron scales and nanoscales with
picoliter droplets (Erdman et al., 2014; Murphy and Atala,
2014). Contained within the droplets are mixtures of cells, tissue
components, and biological molecules. Blood vessel networks
are critical to the development of new tissues. Microprinting
technology has been used to generate branched networks of
tubules mimicking natural blood vessels (Kucukgul et al., 2015;
Wang et al., 2015). Repeated gelling of hydrogels, one on top
of another, placed within geometrically patterned templates
was used to generate hexagonal shaped hepatic structures (Liu
Tsang et al., 2007). The arrangement of modules into deliberate
geometries and shapes is controlled by deposition of aqueous
hydrophilic droplets, onto a hydrophobic oil receiver solution
(Nichol and Khademhosseini, 2009; Du et al., 2011). Chemical
reactions between hydrophilic and hydrophobic components are
a driving force for organization and patterning of objects into
the directed geometries. This is almost 100% controlled. As with
any fabrication tool the sizes of the individual modules and the
networks are limited. Modular-based architectures also provide
temporal and spatial patterning capabilities for vital processes
involved in development and regeneration. There are instances
where this has been delivered for the controlled and regulated
elution of growth factors using core-shell arrangements and
bead-in-bead arrangements (Babister et al., 2008; Perez et al.,
2014; Perez and Kim, 2015).
Modular biomaterials represent a potential solution to
provide temporary structures and architectures for the precise
positioning of cells and associated factors (to generate proper
tissues) in 3D space that accurately match normal tissue and lead
to functional associations toward proper regeneration. A one-
to-one biomimetic matching between the smallest units present
in natural tissue and the replicated modules is not necessary
for function. Function is designed to emerge from the interplay
between the well-placed tissue components inside the combined
modules. The fusion of tissue modules into clusters and networks
establishes a provisional tissue mimicking anatomical structure.
These arrangements also facilitate the directional release of
factors designed to stimulate different types of pre-existing
endogenous tissues to grow and develop into the modular
replacement.
TISSUE BIOMIMICRY WITH MODULAR
BIOMATERIALS
Tissues are essentially divided into compartments bounded
by cell linings (intima, adventitia), membranes (vesicles and
pouches), and boundaries made from structural biomaterials.
The intricate complexity of form and architecture are strongly
and directly associated with function. There is a growing
interest in designing biomaterial devices and products that
reflect this compartmentalization arrangement, which facilitates,
partitioning, gradation, and division of tissue entities (Nichol
and Khademhosseini, 2009; Figures 2A,B). Crucially, the
building of compartments relies on chemical self-organization
processes rather than biologically driven self-assembly and
self-organization processes toward tissue complexity (Jakab
et al., 2010; Athanasiou et al., 2013). These can also be directed
in specified ways by manipulating the steps in synthesis.
The most commonly used and versatile semi-autonomous
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FIGURE 2 | Selected Microfabricated modular biomaterials by laser printing, 3D microdroplet printing and microdroplet fluidics. (A) (a) A diagram
showing the basic concept for modular biomaterials design. Particular shaped blocks of material (mainly hydrogels) are created by one of the micro fabrication
techniques listed. The assembly of those building blocks can be directed or allowed to randomly self-assemble. It is then possible to generate large blocks of material
using combinations of the small modules. A range of different module shapes, that have been fabricated, is shown in (b). In (c) we present a diagram showing the
different module structures and organization that could be used to represent the various periodontium tissues structurally and compositionally in a very basic
representation to mimic the structural environments necessary for gingival epithelium development, subepithelial connective tissue formation and the stacked layers of
cementum, ligament and the alveolar bone lining (McGuigan and Sefton, 2006; McGuigan et al., 2006, 2008; Nichol and Khademhosseini, 2009; Chamberlain et al.,
2010; Reproduced with kind permission from PLoS, MacMillan Publishing, MYJoVE Corporation, American Association for the Advancement of Science, Royal
Society of Chemistry). (B) (a) Showing the arrangement of printed cells in a distribution reminiscent of skin tissue; (b) Red staining to highlight the distinct keratinocyte
cell region; (c) Fluorescently labeled red fibroblasts and green keratinocytes printed using the laser technique into tight and clear layers; (d) Phenotype related
fluorescence tagging of fibroblasts (red) and keratinocytes for cytokeratin 14 expression. Note the densification of cells in this layer; (e) Fluorescent labeling of the
printed cellular construct for proliferation using red Ki-67 and in (f) for presence of laminin basement membrane protein in green, which forms a distinct supporting layer
(Continued)
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FIGURE 2 | Continued
(all scale bars = 50 microns). “Laser-Assisted BioPrinting” was used to manufacture a layered skin reproduction, which can easily be translated to other multi-layered
tissues such as, the periodontium. In this microfabrication technique, a solution containing fibroblasts and keratinocytes were ejected from the solution as a
continuous jet of droplets using laser force field. The droplets are collected into compound structures, onto a solid receiver substrate, where the solution is able to gel.
New layers are stacked-up on the preceding layer using the same procedure. Different cell types of the skin were infused into the different layers representing the
native cellular composition of human skin. This fast, automated type of layering procedure can be easily tailored to recreate the laminate “sandwich” of tissues in the
periodontium (Koch et al., 2012; Reproduced with kind Permission from Wiley) (C) An ordered, aggregated array of droplets that can mimic certain forms of simple
tissue structures. Three-dimensional printing is used to arrange assorted aqueous droplets (modules) into highly organized globular shaped microstructures. The
water droplets are printed into “lipid-containing oil droplets” and coated in a lipid bi-layer. As well they are supported inside the macrodroplet. The lipid provides a soft
substrate in which membrane proteins can be inserted. This provides channels between individual droplet-based mdules. The whole process is precisely controlled by
the printer program settings so that diverse arrangements of architectures are conceived via computer-aided designs (Villar et al., 2013) (Reproduced with Kind
permission of the American Association for the Advancement of Science).
system is hydrogel in oil at interfaces and with droplets, which
enables well-delineated shapes to be generated (Gauvin and
Khademhosseini, 2011). Another chemically driven system
employs capillary forces to force microgel units into packing
arrangements that can support themselves in tight ball and rod-
like structures, for example (Fernandez and Khademhosseini,
2010). Using DNA links attached to their external surfaces,
building blocks of microgel are instilled with a program for
self-assembly or piecing together in precise ways coded for by
the complementarity of the DNA molecules (Qi et al., 2013).
Modular biomaterial strategies have tended to employ small,
single blocks of material in a thus-far limited selection of
shapes (typically spheres and rods, the products of chemical
laws used in their formation in aqueous solutions; Figures 2A,C)
with variable dimensions. These small building blocks are
constructed into high order architectures by three defined
assembly routes: random assembly, which is governed by the
chemical and physical properties of the chemical environment;
stacking together layers of material; or by directed assembly in
which the modules are purposefully pieced together by the action
of external forces or by molecular “lock and key” decorations
at the surfaces of modules (Nichol and Khademhosseini, 2009;
Liu et al., 2010). However, the scale is limited to an individual
function and encapsulating modules inside a bulk material.
An early example was the construction of collagen microrods
encased in endothelial cells (McGuigan et al., 2008). Microfluidic
engineering is a powerful method for compartmentalizing
many types of tissue-specific cells and microtissues for the
regeneration of various tissues, production of organoids and
synthesis of vascular-branched networks (Lu et al., 2015).
Modular microtissues supported inside collagen-fibrin beads,
up to 300µm in diameter, grew internal vascular networks
(vascularization). Embedded inside a gel, the networks extended
beyond the original beads into vessel structures that formed
networks, mimicking angiogenesis, after 14 days (Peterson et al.,
2014). Modular biomaterials have gained popularity in drug
delivery, targeting therapeutics and for immunotherapy. The
increasingly complex shaping of modules is made possible by
using complex fluids such as with mixtures of polyelectrolytes
and surfactants (Lapitsky et al., 2008). Compartments built
with biomaterials are referred to as modules. The ability
to create modules small enough to mirror those in nature
has profoundly increased due to advances in microfabrication
strategies (Zorlutuna et al., 2012). Modules of different shapes
and sizes can be printed with inkjets or molded using lithography
(Figures 2B,C).
TRANSFERRING MODULAR
BIOMATERIALS INTO THE DENTAL CLINIC
We have described an idea about how to compartmentalize
and arrange cells and their supporting components into
arrangements that imitate the basic organization of the tissue
units. We have provided examples of the first steps, where
this has been used to mimic hepatic tissue, and structures
with hexagonal packing such as, retinal pigment epithelium,
corneal endothelium, and kidney papillary ducts. Layer-by-layer
reconstructions with regional variations can be recreated with
high aspect ratio compartments filled with nested modules,
compounded too with modules representing folds and pouches
containing regenerative progenitors (Nanci and Bosshardt,
2006). An important biomimetic property for the modules,
housing specialized tissue, and cell specific microenvironments,
is to have interfaces that permit physical andmolecular exchanges
with apposing tissue compartments so that growth factor
receptors are bound and cell-to-cell and cell-matrix junction
proteins connections are established. These are needed for
self-organization (via cell fusion, differential cell adhesions
and contact minimizations) and tissue morphogenesis. The
positioning arrangements of the individual periodontium tissue
types (and the anatomical sub-types) must be synchronized
and coordinated to create the tight biological and mechanical
interlocking of bone with ligamentous tissue, with cementum and
with dentine along the root and gingiva epithelium, mesenchyme
and epithelium at the enamel/dentine junction of the tooth.
The positioning, integration, connectivity, and coordination of
the anatomical and functional units of multiple tissues can be
achieved using one of the various microfabrication technologies
ranging between microfluidics to 3D printing techniques
(Figure 2). Regional variations in tissue dimensionality and
tissue component density, distributions, types of co-mixtures,
and gradations can be engineered with modular approaches.
To improve the interplay between the components of distinct
units, we anticipate constructing compartment boundaries that
replicate the behavior of basement membranes and cell linings
in which the cross-boundary throughput of biomolecules can be
autonomously regulated by including membrane voltage-gated
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ion channels (out of 300), water channels (aquaporins), and
cell integrins receptors (attachment and signal transduction),
contact junctions, and cell-and matrix specific ligands. The
design must also facilitate cell-to-cell connections and cross-
migrations between compartments and networks of modules.
We have described numerous ways of building the
individual microscale modules and microtissue units into
larger macrostructures that can bridge the gap of the periodontal
pocket. “Layer-by-layer” building designs suit the specific
sandwich design (tooth–cementum–PDL–bone) of the natural
human periodontium. Cell sheet engineering has created
impressive reconstructions of the periodontal ligament, but the
low initial mechanical properties, low blood supply through an
interpenetrating vasculature and regulation of growth in situ are
unresolved problems of cell sheets (Matsuda et al., 2007; Sawa
and Miyagawa, 2013).
To achieve clinical relevance and acceptability, the
modularization technique must incorporate specific tissue
microenvironments that trigger and drive the development
of each tissue type along its pre-programmed pathways and
cascade. The individual tailoring of module microenvironments,
so significant in delineating cell phenotype, proliferation,
apoptosis and future fates, has already been demonstrated,
as has the packing together of modules holding different
environmental qualities (Guillame-Gentil et al., 2010). The
partitioning and re-aggregation of such units will facilitate the
programming of dynamic changes, in line with transitional
phases in development and morphogenesis, as materials can be
engineered with environmental responsiveness to external cues
in regeneration. In addition, the modular approach allows for
the integration of spaces for vasculature templating.
We have introduced a concept to biomaterials design that
is not mainstream and has not been thoroughly explored as
strategy for biomimetic translation of tissue organization from
nature to the laboratory. The hardware is available to construct
appropriate modules with sizes, shapes and attachments, which
bring together tissue components and mimic tissue anatomical
organization. One of the greatest unment challenges for modular
tissue engineering is simulating structures for blood vessel
networks without which the engineered tissue is unusable.
Models for biomimicry include adult tissues as well as embryonic
tooth development. Maps on how to arrange modules and their
tissue components in biomimetic fashion will need to be drawn,
trialed and tested for the best clinical outcomes in treating
periodontitis and supporting failing and infected dental implants.
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